The influence of the relative phase between the driving voltages on electron heating in asymmetric phase-locked dual frequency capacitively coupled radio frequency plasmas operated at 2 and 14 MHz is investigated. The basis of the analysis is a nonlinear global model with the option to implement a relative phase between the two driving voltages. In recent publications it has been reported that nonlinear electron resonance heating can drastically enhance the power dissipation to electrons at moments of sheath collapse due to the self-excitation of nonlinear plasma series resonance (PSR) oscillations of the radio frequency current. This work shows that depending on the relative phase of the driving voltages, the total number and exact moments of sheath collapse can be influenced. In the case of two consecutive sheath collapses a substantial increase in dissipated power compared with the known increase due to a single PSR excitation event per period is observed. Phase resolved optical emission spectroscopy (PROES) provides access to the excitation dynamics in front of the driven electrode. Via PROES the propagation of beam-like energetic electrons immediately after the sheath collapse is observed. In this work we demonstrate that there is a close relation between moments of sheath collapse, and thus excitation of the PSR, and beam-like electron propagation. A comparison of simulation results to experiments in a single and dual frequency discharge shows good agreement. In particular the observed influence of the relative phase on the dynamics of a dual frequency discharge is described by means of the presented model. Additionally, the analysis demonstrates that the observed gain in dissipation is not accompanied by an increase in the electrode's dc-bias voltage which directly addresses the issue of separate control of ion flux and ion energy in dual frequency capacitively coupled radio frequency plasmas.
Introduction
Capacitively coupled plasmas (CCPs) are frequently used for various plasma processing applications ranging from microelectronic device fabrication to solar cell manufacturing and creation of bio-compatible surfaces. Heating of electrons largely determines the properties of such discharges in terms of plasma sustainment through ionization, reactive species generation, etc. Thus, a detailed understanding of electron heating is particularly important. Following some earlier investigations [1] [2] [3] [4] [5] [6] , recently, [7] [8] [9] [10] [11] [12] theoretically demonstrated for asymmetric CCPs operated at low pressures that the excitation of the plasma series resonance (PSR) can substantially enhance the power dissipation to electrons via nonlinear electron resonance heating (NERH). Experimental evidence of NERH was provided for both single and dual frequency capacitive discharges by Franz and Klick and others [13] [14] [15] . Furthermore, it was found by [16] [17] [18] [19] [20] [21] that the PSR plays an important role for the generation of energetic electrons in front of the driven electrode by the expanding sheath. Excitation of the PSR leads to non-sinusoidal RF current waveforms, which in turn lead to a non-sinusoidal modulation of the sheath width. Consequently, the sheath velocity is considerably higher compared with a sinusoidal sheath motion and reaches maximum values immediately after the moment of sheath collapse, when the sheath moves in a region of low ion density adjacent to the electrode.
Under the assumption of a constant flux the sheath velocity is high in regions of low ion densities. This can be argued by means of the continuity equation. In such regions an expanding sheath efficiently transfers energy to a small number of electrons and the generation of beam-like energetic electrons is observed. These electrons are injected into the bulk and enhance heating of the discharge. Phase resolved optical emission spectroscopy (PROES) provides access to the excitation dynamics in front of the driven electrode and allows a detailed analysis of the behaviour of these energetic electrons. Theoretical investigations by Wood et al [22] [23] [24] [25] [26] [27] [28] based on particle-in-cell (PIC) simulations already indicated beam-like electron propagation in front of an expanding boundary sheath.
Experimental evidence for the generation of highly energetic beam-like electrons in front of a driven electrode based on PROES was provided by [16] [17] [18] [19] 21] . Schulze et al investigated the spatio-temporal excitation into Kr2p 5 close to the driven electrode in an asymmetric single frequency discharge operated in krypton at 13.56 MHz and 1 Pa. Due to the expanding sheath, directly after the sheath collapse at the beginning of the RF period, the generation of beam-like energetic electrons is observed (figure 1). These electron beams propagate into the plasma bulk and dominate the ionization probed by the excitation under the aforementioned discharge conditions. Within the remaining part of the RF cycle considerably weaker excitation is observed. The impact of energetic electrons propagating into the bulk on electron heating is analysed by calculating the phase-accumulated dissipation
as a function of time. The plasma impedance R P is calculated from model parameters. Within one RF period the plots shown in figure 2 are obtained. The top graph depicts the phaseaccumulated dissipation calculated by integrating the square of the measured discharge current over one RF period, whereas the bottom picture shows the result obtained by a global model which focuses on the effect of the PSR [10] . Obviously, most power is dissipated to the electrons directly after the sheath collapses at the beginning of the period. Later on, the dynamics weakens and shows only a slight increase in heating during the rest of the period. The results for both experiment and simulation are qualitatively in good agreement and suggest a close correlation of sheath collapse, excitation of the PSR and beam-like energetic electron propagation. Proschek et al investigated the influence of the phase difference between two separately powered RF sources (both driven at 13.56 MHz) on the plasma parameters in different RF systems [29] . It was reported that the phase difference affects the floating potential and ion density. Additionally it was observed that the effect of the phase difference is strongly influenced by the geometry of the system. O'Connell et al experimentally investigated the influence of the relative phase between the driving sources in an asymmetric 2f-CCP on the excitation dynamics and electron heating [21] . It was found that by tuning the relative phase of the higher frequency source, the phase and amplitude of the corresponding high frequency excitation structures can be manipulated. Ionization and thus plasma sustainment can be influenced by adjusting the relative phase of the driving sources. A theoretical, model-based approach to this phenomenon, together with a systematic investigation of the dc self-bias voltages is not available so far. The latter point addresses the issue of separate control of ion flux and ion energy in classical dual frequency capacitive discharges, which is not fully understood either [28, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . The idea to achieve this separate control in dual frequency discharges operated at substantially different frequencies is that the LF voltage, which is typically higher than the HF voltage, determines the ion energy without affecting the ion flux and that the HF voltage determines the ion flux without affecting the ion energy. However, there is a strong coupling of both frequencies [28, 35, 36] that limits the quality of this separate control. Particularly, the latter point is problematic, since an increase in the HF voltage will, of course, increase the ion flux, but will also increase the mean sheath voltage, which in turn will lead to a higher ion energy at the electrode surface [39] . Such problems might be avoided by using the phase shift between the driving voltages as an additional control parameter as will be discussed in this work. The idea of using the phase shift between the driving voltages is similar to a recently discovered alternative concept to achieve separate control of ion energy and flux based on the electrical asymmetry effect (EAE) [17, 27, [40] [41] [42] [43] [44] in dual frequency discharges operated at similar frequencies (fundamental + second harmonic). However, due to the different applied frequencies the effect is completely different: in the case of the EAE the dc self bias and, therefore, the ion energy are changed by the phase between the driving voltages, while the ion flux remains constant. Here the ion flux is changed by the phase shift, while the dc self bias (ion energy) remains approximately constant.
In order to address all the above issues, we proceed as follows: first of all we give a short review of the global model, which is used for the analysis performed in this work. After normalizing the final set of differential equations we start to investigate the influence of the relative phase φ of the two driving sources on the dynamics of the discharge. We analyse the effect on the sheath voltage V S and explain that the total number of sheath collapse events during one LF period can be influenced by tuning the relative phase φ. A sheath collapse is immediately followed by an increase in dissipation due to NERH. Therefore, we also survey the influence of the relative phase φ on the phase-accumulated dissipation, which in turn gives a quantitative measure of NERH. In combination with a systematic study of the dc self-bias the issue of separate control of ion flux and ion energy in dual frequency capacitive discharges is addressed.
The physical model
As schematically shown in figure 3 , we consider an asymmetric 2f-CCP driven by two independent harmonic sources with different voltages, frequencies and phase angles. The two frequencies denoted as lower frequency (LF) and higher frequency (HF) are assumed to have an integer ratio. Both sources are separately coupled to the top electrode, while the bottom electrode together with the remaining discharge walls forms the electrically grounded counter electrode. In contrast to the model presented in [10] we now take into account a variable phase relation between the two driving sources and obtain for the applied voltage V RF (t) V RF (t) =V LF cos(ω LF t + LF ) +V HF cos(ω HF t + HF ). (2) Following the modelling procedure in [9, 10, 47, 48] , we employ two separate models for the plasma bulk and the plasma sheath. Considering the adopted ordering of the frequency scales ω pi ω LF < ω HF ω PSR ω pe and length scales λ D s L of the discharge, the ansatz of separate models is well justified. For relatively high ion densities and at the same time relatively low driving frequencies, the ion density modulation needs to be taken into account. This topic is currently under investigation and will be published elsewhere. In configuration space the sheath forms a thin layer with time average thicknesss in front of the electrodes, while the bulk fills most of the discharge volume having a typical extension of L. We are interested in the analysis of collective resonances of the bulk and assume the corresponding PSR frequency ω PSR to lie between ω pi and ω pe , which denote the plasma-ion and the plasma-electron frequency, respectively.
For the plasma bulk we assume quasi-neutrality and apply the electrostatic approximation, which is justified by ω LF,HF ω pe , i.e. all relevant frequencies lie well below the cut-off frequency of electro-magnetic waves [46] . The current density obeys an equation of continuity (∇ · j = 0) and its dependence on the electric field follows a generalized Ohm's law, which takes into account the acceleration of electrons by the electric field and momentum loss due to collisions with the neutral background gas at a rate ν m . Following [3] the quantity ν m can be replaced by an effective collision frequency ν eff , also taking into account the interaction of electrons with the electrical field of the oscillating boundary sheath.
For the plasma sheath, we have to distinguish between electrode and ground sheath. Denoting the driven electrode area with A E and the grounded area with A G , the relation A E A G holds for the analysis presented in this work. As a consequence, the impedance of the ground sheath is much smaller than the impedance of the electrode sheath and its corresponding voltage can be represented by the floating potential V G = V FL = ln(m i /2πm e )T e /e. The electrode sheath is treated as a nonlinear capacitor having a quadratic charge-voltage relation V S (σ (t)) = σ 2 /2 0 en S , which has been verified experimentally [19] . Here σ (t) = Q(t)/A E is the sheath surface charge andn S is the mean ion density in the sheath. Higher order polynomials for the sheath characteristics possibly capture the sheath behaviour in a more realistic way, but a full treatment of this issue lies beyond the scope of this work. Nevertheless, a detailed derivation of the quadratic voltage charge relation can be found in [7, 12, 40, 45] .
The surface charge density σ (t) itself is subject to a balance equation. The sheath is charged by both displacement and conduction current. The first is given by the current density j from the bulk to the sheath, while the second is given by the sum of ion and electron conduction current. The ion contribution is related to the Bohm flux and writes j i = en B v B , whereas the electron part is proportional to the thermal flux of electrons and exponentially depends on the sheath voltage V S [49] . Thus, the electron contribution to the conduction current writes j e = en eve /4, where n e is given by the Boltzmann factor. The quantities v B = √ T e /m i andv e = √ 8T e /π m e denote the ion Bohm velocity and the thermal velocity of electrons, respectively.
Collecting the equations for the voltages across the equivalent circuit elements and taking into account the balance equation for the current through the boundary sheath, one finally obtains a closed system for the sheath voltage V S , the self-bias voltage V SB across the blocking capacitor C B = 0 A E /l B and the discharge current density j = I/A E :
The quantityn e denotes the average electron density inside the plasma. In order to further simplify the analysis we introduce a dimensionless notation. We set the lower radio frequency period T LF equal to 2π , which implies t = t ω LF . We employ a normalized electron-neutral collision rate ν = ν eff /ω LF and introduce the ratio of the two driving frequencies κ = ω HF /ω LF . All voltages are normalized to the lower frequency voltage, i.e. we apply
respectively. In addition to that, we set the lower frequency phase shift equal to zero and introduce the relative phase φ = φ HF . The sheath surface charge density is measured by σ = σ 1 2 en e 0 V LF , the discharge current density by j = j 2en e lω LF . Furthermore, the ratio β = l B /l is defined by the gap distance of the bias capacitor l B and a typical length scale of the system l which can be calculated as l = √ V LF 0 /2en e . The electron temperature is normalized as T e = T e eV LF . The remaining normalization quantities are given by
. Dropping the prime, one finally obtains
Results
We evaluate the model presented in the previous section with a set of parameters that represents the experiment as described in [21] . For the driving sources we chooseV LF = 125 V, ω LF = 2π × 2 MHz as the lower frequency (LF) andV HF = 25 V, ω HF = 2π × 14 MHz as the higher frequency (HF). The relative phase φ of the driving sources varies between 0 and 2π . For the densities we applyn S = n B =n e = 1 × 10 14 m −3 and assume neon as the background gas with m i = 20 amu at a pressure of p = 1 Pa. While the electron temperature is chosen to be T e = 3 eV, the temperature of the neutral background neon atoms is set to ambient temperature T g = 300 K. Using an elastic collision rate coefficient for electrons in neon of K m = 3.7 × 10 −14 m 3 s −1 provides an electron-neutral momentum transfer collision frequency of ν m = 9 × 10 6 s −1 [50] and an effective collision frequency of ν eff = ν m +v e /L = 3.2 × 10 7 s −1 . In order to enable comparison of our model with experimentally obtained results we also use a slightly modified geometry compared with the GEC reference cell specifications. For the radius of the driven electrode we choose R = 7.15 cm, which gives an electrode area of A E = π × 7.15 2 cm 2 . In the experiment the counter electrode was removed from the discharge in order to keep the plasma centred below the driving electrode and, therefore, also centred at the optical window. Otherwise, the plasma would retreat into the side-viewports due to the discrepancy of a much larger sheath expansion under given experimental conditions compared with the adjustable electrode gap. Hence, removing the lower electrode ensures stable process conditions. Furthermore, the grounded wall of the discharge vessel incurs the function of the grounded counter electrode. The simulation assumes a discharge gap of L = 5 cm in accordance with the experiment, which defines the scale of the bulk extension in a reasonable manner.
Additionally, it is assumed in the simulation that the initial relative phase is zero. This initial relative phase value represents the synchronization gap in time between both 14 and 2 MHz signals. They have been triggered and synchronized by an arbitrary waveform generator in the real experiment. This information is usually not available in the experiment since this operation is performed automatically by an internal phase-locked loop of the waveform generator which is set to fixed trigger levels. Depending on the trigger level and internal delays a fixed phase shift is produced which always remains constant throughout the experiment. With the help of the simulation this initial relative phase shift was determined to be around π/2. Hence, the PROES figures from [21] have been reordered accordingly to fit simulation data.
The influence of the relative phase φ on the dynamics of the discharge is clearly noticeable in figure 4 . Therein, the sheath voltage V S (top row), phase-accumulated dissipation P (φ) (middle row) and phase resolved excitation measured via PROES (bottom row) are depicted as functions of the normalized time φ = ω −1 LF t and one full 2 MHz cycle, respectively. Depending on the value for φ the sheath voltage V S considerably changes its behaviour. Beginning with a relative phase of φ = 0 ( figure 4(a) ) one can observe a single sheath collapse shortly after φ = π/2 indicated as ②. Before and after this collapse local minima of the sheath voltage are present at phase positions φ = π/4 indicated as ① and φ = 3π/4 indicated as ③. The used indicators (①, ②, ③, ④) always denote the same minima throughout figures 4(a)-(d) in order to follow their development. By modifying the relative phase φ one is able to change the global positions of these three minima within the full cycle of 2π . However, the relative positions among the three minima themselves remain fixed. Thus, the following cases of relative phase φ can be produced.
Increasing the relative phase to φ = π/2 ( figure 4(b) ) results in a single sheath collapse shortly before φ = π/2 (②). This single sheath collapse resembles the same collapse shortly after φ = π/2 as in the previous case φ = 0 ( figure 4(a) ), only shifted through adapting the relative phase φ. Similarly, the strong local minimum ③ moves from shortly after φ = 3π/4 in figure 4(a) towards shortly before φ = 3π/4 in figure 4(b) . Additionally, the minimal voltage amplitude of V S of this indicated minimum significantly decreases, almost forming a second full sheath collapse.
Further increasing the relative phase to φ = π ( figure 4(c) ) again shifts all aforementioned minima (①, ②, ③) to lower phase values and changes their respective amplitudes. For this case, a second full sheath collapse (③) occurs at φ = 5π/8, with a preceding first sheath collapse (②) around φ = 3π/8. Immediately after both sheath collapse events a new local minimum (④) starts forming around φ = π , whereas the local minimum before the two major collapses (①) is strongly increased in amplitude.
Finally, increasing the relative phase further to φ = 3π/2 ( figure 4(d) ) provides a strong local minimum (②) of the sheath voltage at about φ = π/4, which in figure 4(c) ( φ = π ,②) formerly was a moment of collapse. Also the previous local minimum (③) around φ = 3π/4 of conditions φ = 0 (figure 4(a),③) and φ = π/2 (figure 4(b),③) has transformed into the only single sheath collapse at φ = 5π/8 ( figure 4(d),③) . For φ = 2π, as expected but not depicted here, one obtains the same results as in the case of φ = 0.
In summary by tuning the relative phase, the total number and exact moments of sheath collapses can be influenced. Not only does the total number change with changing φ from a single collapse (figure 4(a),②) to a double collapse (figure 4(c),②③) and back to a single collapse (figure 4(d),③) again, but also a shift of the occurrences in time is observable. Focussing on the single collapse (②) in figure 4(a) occurring shortly after φ = π/2 and following its development through figure 4(b)-(d) (always ②) it then moves to shortly before φ = π/2 in figure 4(b), whereas in figure 4(c) shifting further towards φ = 3π/8 and finally to shortly after φ = π/4 in figure 4(d) . By tracking this single event in time, the transformation of a local minimum to a full sheath collapse and back to a local minimum becomes apparent. Hence, carefully adjusting the relative phase φ to a distinct value φ = π in our case ( figure 4(c) ) produces an occurrence where the first sheath collapse φ = 3π/8 is immediately accompanied by a second collapse at φ = 5π/8, which exactly resembles the transformed/shifted previous local minimum from φ = 3π/4 in figures 4(a)/(b).
The same behaviour can be postulated by considering the change in relative phase between the driving sources as a sinusoidal waveform which features a double minimum and a double maximum at its extrema. This voltage waveform is then applied to the electrode and in turn strongly affects the voltage across the driven boundary sheath. As a consequence, double minima and maxima also become observable in the sheath voltage. Hence, for a dedicated choice of the phase between the driving voltages a double minimum can be produced. However, in the experiment further local extrema appear besides the simplified consideration of two sinusoidal driving voltages. These can be explained on the basis of a series resonance concept as outlined next.
In asymmetric discharges a sheath collapse is directly followed by a PSR excitation and NERH. The middle row of subfigures in figure 4 shows the phase-accumulated dissipation P (φ) calculated for the same values of φ as previously discussed for the corresponding sheath voltages V S depicted in the top row of figure 4. All results for the phaseaccumulated dissipation are normalized to the maximum of the dissipationP max (2π) as determined for the case of φ = 0. Additionally, one has to correlate the phase resolved excitation measurements (bottom row) with the dissipation plots and especially with the corresponding sheath voltages. These excitation measurements exhibit the typical structures of beam-like energetic electron propagation as previously discussed at the location of the local sheath voltage minima. Furthermore, the slow sheath expansion resulting from the superimposed 2 MHz oscillation (300-500 ns) is visible. Within this particular region no excitation takes place and also no dissipation occurs. In order to support and illustrate this complex chain of reasoning further markers have been introduced into figure 4. Originating from indicators ①-④ in each subfigure (top row) the dashed lines correlate the sheath voltage minima V S with the origins of the beam-like electron propagation as found in the measured excitation PROES plots (electrode distance of zero). The resulting excitation structure as found in the PROES figures is connected to the according steep increases in accumulated power dissipationP (φ) by arrows for each relative phase case φ = 0. As can be observed for all relative phase cases the sheath collapse causes a beam-like electron structure to occur producing excitation and power dissipation as a result.
Investigation of the phase-accumulated dissipationP (φ) provides a quantitative measure for NERH. Whenever NERH takes place a steep increase inP (φ) is observable [10] . For the situation in figure 4 (a), with φ = 0, the discharge exactly exhibits this behaviour. Directly after the sheath collapse ② and the simultaneous excitation of a beam-like electron propagation a strong increase in dissipation on the time scale of the PSR occurs. The simultaneous beam-like energetic electron propagation is shown in the corresponding phase resolved excitation plot around 135 ns. Additionally, a smaller but still noticeable contribution adds to the dissipation at the local minimum of the sheath voltage ③ observed later in the phase. A less pronounced excitation structure accompanies this sheath voltage minimum in the phase resolved excitation plot around 200 ns accordingly. In contrast, referring to the local minimum ① in figure 4(a) there is no detectable contribution to power dissipation observable and also in the phase resolved optical measurement no excitation structure is detectable.
Continuing with figure 4(b) ( φ = π/2) a first sheath collapse (②) is followed by a strong local minimum amplitude (③) of the sheath voltage. The first collapse (②) excites the PSR and similarly leads to a total dissipation via NERH comparable to the previous case. Likewise, the phase resolved excitation exhibits a similar beam-like electron structure around 115 ns. Later in the phase the pronounced local minimum (③) considerably contributes to plasma heating as seen by the steep increase in total dissipation. The very same local sheath voltage minimum causes a second excitation structure to appear around 180 ns leading to further bulk heating. In this case the value forP (2π) saturates at about 110% of the maximum valueP max .
For φ = π ( figure 4(c) ), the effect of the subsequent minimum (③) in the sheath voltage is especially enhanced, indicating a second full sheath collapse. In this particular case of a double collapse (② + ③) of the boundary sheath within a small fraction of the same LF period, NERH is significantly more efficient compared with a single sheath collapse induced PSR excitation and thus electron heating. In the course of a double collapse the PSR is excited twice within a small fraction of the LF period. The second PSR excitation acts during the still resonant damping of the first PSR excitement and hence drives the nonlinearity of the sheath very effectively. This in turn leads to substantially enhanced heating due to additional harmonics generation. An increase inP (2π) by 24% compared with the maximum valueP max is observed. Choosing a relative phase of φ = π provides the maximum value for the phase-accumulated dissipation. Correlating these assumptions with the measured excitation plot results in very good agreement. The first sheath collapse (②) produces an excitation structure around 100 ns. Immediately following is a second excitation structure (③) at about 165 ns, causing a steep increase in dissipation. Furthermore, the subsequent local sheath voltage minimum (④) seems to prolong the measured excitation at an electrode distance of 100 mm to about 235 ns. This is also verified in the dissipation plot as a less steep slope (from 6π/8 to π) compared with a direct collapse event. In the sheath expansion phase from π to 2 π (250 to 500 ns) only a very little contribution to dissipation is seen in the dissipation plot as well as the excitation plot.
Finally in figure 4 (d) for φ = 3π/2 one observes only a single sheath collapse (③) again, together with a preceding (②) and a subsequent weak minimum (④) of the sheath voltage. In this case the phase-accumulated dissipation is again less enhanced compared with the situation obtained for the double sheath collapse as found in figure 4(c) and releases back to the first case of φ = 0. However, the same medium slope from 11π/16 to π as observed in the double sheath collapse case shows up. This is underlined by the weak excitation structure at 225 ns in the measurement. The previous sheath collapse ② now only very weakly contributes to the dissipation (small slope). Also the optical excitation is less compared with the corresponding structure in figure 4(c) . Reconsidering the transformation of sheath collapse ② to a local minimum and conversely the local minimum ③ to a full sheath collapse, a very good agreement between simulation results and the optical excitation measurements is found throughout each case.
A further remark has to be considered by addressing the PROES subfigures once more. In analogy to the beamlike electron propagation structures with an outward direction pointing away from the driven electrode, also inward structures can be identified. The locations in question can be found immediately before the positions ① in figures 4(a)/(b) and ② in figures 4(c)/(d) in the PROES measurement figures. Correlating these events with the according characteristics of the sheath voltage V S it is found that a fast sheath voltage drop occurs before. On the basis of theoretical and experimental evidence as found in [24, 51, 52] for low pressure single and dual frequency capacitive discharges, we strongly consider a field reversal to be responsible for this additional heating. Due to the very fast sheath collapse caused by a low ion density, the electrons are not able to follow by diffusion. Therefore, a locally reversed electric field builds up and accelerates the electrons towards the electrode in order to maintain a constant current. Since the available energy is distributed only to a few electrons their respective energies increase. Nevertheless, these investigations are an ongoing research topic and will be addressed more extensively in a separate publication.
Summing up we can state that tuning the relative phase between both driving sources of a 2f-CCP provides an effective mechanism to increase and optimize the power coupled into the discharge. For a double sheath collapse with coupled PSR excitation, which strongly enhances the effect of the second collapse, an increase in heating up to 24% can be achieved (see figure 5 ) compared with the results for a phase shift of zero. However, this value is strongly dependent on actual simulation parameters and may vary for different discharge operation conditions. But simulation as well as different independent experimental results show that in general this effect is particularly pronounced for strongly asymmetric 2f-CCPs which exhibit nonlinear dynamics, especially in terms of higher harmonic generation of the rf discharge current.
In order to address the issue of separate control of ion energy and ion flux we investigated the dc self-bias voltage and contrasted our calculation with the results obtained for the phase-accumulated dissipation. The top picture in figure 6 shows the phase-accumulated dissipationP (2π), whereas the bottom graph depicts the dc self-bias voltage. Both are calculated as functions of the relative phase φ. It is clearly observable that the gain in dissipation due to a variable phase relation of the driving sources reaches its maximum at about φ ≈ π . In total, as stated above, the overall gain amounts to 24% (in comparison with results with a relative phase of zero). At the same time the dc self-bias voltage is reduced by a mere 6%. Both maximum phaseaccumulated dissipation and minimum dc self-bias voltage coincide at the same value for the relative phase. This can be understood in view of Kirchhoff's voltage law according to figure 3 (V RF − V SB + V S − V P − V Fl = 0). While the rf excitation and the floating potential can be regarded as externally given and even constant (floating potential) throughout the simulation, the remaining voltages are subject to changes due to the dynamics of the discharge. Increasing the sheath voltage by means of enhanced modulation through higher current harmonics leads to redistribution of voltages across the plasma bulk and the bias capacitor. The PSR is characterized by a resonant energy transfer between boundary sheath and plasma bulk. Therefore, the energy coupled into electrons within the sheath is mostly transferred to the bulk and only weakly affects the dc self bias.
Thus, within certain boundaries, the ion flux can be controlled separately from the ion energy by tuning the relative phase between the driving sources. The mean ion energy is determined by the dc-voltage across the sheath, which, according to our results, only weakly depends on the relative phase φ (∼6 %). At the same time, the mean ion flux, i.e. ionization within the bulk through inelastic electron-neutral collisions, and therefore higher fluxes towards the boundaries of the discharge, can be substantially enhanced through φ (∼24%). The aforementioned limitations consist of the actual operational parameters of the discharge, i.e. rf voltages, grade of asymmetry, etc. Different driving conditions will provide different absolute values, but as long as nonlinear higher harmonics generation takes place, the relative phase remains a suitable means for improving decoupling of ion flux and ion energy.
Summary and conclusions
In this work we studied the influence of the relative phase between the driving voltages on electron heating in asymmetric dual frequency capacitive discharges. Based on a selfconsistent global model we calculated the sheath voltage, the phase-accumulated power dissipation and the dc self-bias voltage as functions of the relative phase between the driving sources. We found that by tuning the relative phase, the total number and exact moments of sheath collapses can be influenced. For a wide range of values for the relative phase φ, the sheath collapses once within the LF period, whereas a specific choice for the relative phase provided a double collapse within one LF period. The transition from a single to a double collapse was accompanied by changing moments in time at which the collapses occurred. With an increase in the phase difference from 0 to π , sheath collapses occurred earlier in the LF period. For values between π and 2π , the collapse shifted back to later moments of time within the LF period.
Additionally, we demonstrated that tuning the relative phase provides an effective mechanism to increase the power coupled into the discharge. For a single sheath collapse it has already been reported before that via PSR excitation an increase in the harmonic content of the discharge current is observable, which in turn enhances electron heating (NERH). In this work we showed that successive PSR excitation due to a double sheath collapse exhibits a strong influence of the first collapse on the second collapse. The second collapse excites the PSR, while the effect of the first excitation is still active and still not fully dissipated within the discharge. In fact by means of this mechanism electron heating could be enhanced by 24% in comparison with a single collapse occurring at a phase shift of zero. These findings are successfully matched to experimental data which underline the evidence of very efficient heating at a double sheath collapse event.
Furthermore, our findings indicate that tuning the relative phase may contribute to separate control of ion flux and ion energy. While the phase-accumulated dissipation could be enhanced by a maximum of 24%, the dc self-bias voltage changed by a mere 6%. Tuning the relative phase enables effective additional power coupling into the electrons within the bulk, and supplies the energy needed for ionization processes, which increase the ion flux towards the boundaries of the discharge. The average ion energy depends on the dcvoltage drop across the sheath, which is only weakly affected by relative phase variations.
In summary we found that the relative phase strongly affects the electron heating dynamics of the discharge. Heating efficiency and the claim for separate control of ion flux and ion energy, as the main driving force for the investigation of 2f-CCPs, are addressed. Of course, all quantitative results strongly depend on the configuration of the discharge and will vary for different operating conditions. But in general our results remain particularly observable for strongly asymmetric 2f-CCPs, which exhibit nonlinear dynamics, especially harmonics generation of the rf discharge current.
